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The solubility of pure metals of iron, chromium and 
nickel and alloys of AISI 316 and 416 stainless steels in HF- 
HNO3-H2O solutions was studied under different acid concentra­
tions. The chemical analysis of the equilibrium solutions and 
solid was carried out using atomic absorption spectrophoto­
meter (AA), X-ray diffraction and scanning electron microscope 
(SEM) methods. All experiment were done at 298 K and one 
atmosphere.
The results showed that the solubilities of iron, 
chromium and nickel increased with increase in concentration 
of hydrofluoric and nitric acids. The stable solid phases formed 
in the solution with stainless steels solution were mainly FeFy 
3H20.
The theoretical solubility of iron, chromium and nickel 
have been calculated at 4 molality of HNO3 with an assumption 
of an ideal solution. An excellent agreement between the 
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Stainless steel products are extensively consumed in 
the chemical, petrochemical, food and beverage, pulp and 
paper, and textile industries. The various operations involved 
in processing of stainless steel are given in Figure 10). After 
being worked by hot and cold rolling, the steel is softened by 
annealing. During the hot rolling and annealing heat treatment 
of stainless steels, an adherent scale layer forms on the surface. 
These spinal-type oxides formed because of the reaction of the 
metal surface with oxygen in the furnace atmosphere. Beneath 
the oxide layer a chromium-depleted zone is also formed due 
to chromium diffusion to the alloy surface. Both the oxide and 
the chromium-depleted layer must be removed in order to 
obtain the desired "stainless" surface properties. Mixed acid 
pickling, or pickling by a solution of two or more acids, is 
therefore used for cleaning these oxide-covered stainless 
steels(2). Acids commonly used for scale removal are nitric, 
hydrofluoric, sulfuric, and hydrochloric acids. Most of pickling 
solutions contain nitric and hydrofluoric acids. Hydrofluoric 
acid is used to dissolve the surface oxides formed and the 
addition of nitric acid in a number of cases sharply accelerates 
the process(3.4).
In practice, the stainless steel may be left in the 
pickling solution longer than necessary, causing excessive 
dissolution of the bulk steel, resulting in losses of several
2
thousand tons of iron, chromium and nickel annually(5). The 
dissolved metals also increase the consumption of acids in the 
pickling process, that is, increase the amount of complex of 
precipitating acid salts and spent acid solutions that are 
currently discarded; which also resulted in environmental 
pollution^). The possibility of reducing the unnecessary loss of 
critical metals and large quantities of solid waste generated 
and the excess use of acids are concerned with, and a 
cooperative program, therefore, was undertaken to work on 
these issues.
Over the years, a great deal of work has been 
continued on the corrosiveness of stainless steel alloys. 
However, very little effort was expended to study 
thermodynamic properties and the chemical behavior of 
stainless steels, specially AISI 316 and 416 which are widely 
used in industry today. A very limited thermodynamic data on 
H F -H N O 3-H 2O solutions is reported. Hence, the study of 
behavior of AISI 316 and 416 in the above ternary solutions is 
of undoubted interest and significant importance to the steel 
industry.
In this study, investigation of solubility of pure Fe, Cr 
and Ni metals and AISI 316, 416 stainless steels in mixed acids 
were carried out. The crystalline precipitates formed were 
analyzed using SEM and X-ray diffraction. Two major areas of 
study are included in: (1) solution chemistry away from the 
interface, and (2) dissolution reactions at the stainless steel 
pickling solution interface.
Fig. 1 Process flow sheet for stainless steels
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CHAPTER 2
REVIEW OF THE LITERATURE
In past, there has been a great deal of work reported 
on the corrosiveness of HF, HNO3 and their mixtures to various 
stain-less steel alloys. A literature search showed that the 
study have been carried out in the following areas: ( 1) 
corrosion of stainless steel alloys in HF-HNO3 solutions, (2) 
determination of compounds formed in the solution.
2 .1  History of the Hydrofluoric-Nitric Acid Tests
The origin of the hydrofluoric-nitric acid tests is not 
very clear. Becket and Franks) and Payson(8) were the first to 
report the use of a hydrofluoric-nitric acid solution for testing 
stainless steels. These researchers used the mixed acid solution 
to reveal carbide precipitation in the heat-affected zones of 
welded samples of austenitic stainless steels.
According to Frank(7), in 1929, it was found at their 
laboratories, and at others, that a solution containing 1 to 3 per 
cent hydrofluoric acid and about 10 per cent nitric acid heated 
to 70 oc, descaled the annealed 18 chromium, 8 nickel stainless 
steels quite satisfactorily. In a series of pickling experiments, 
the solution was used to descale laboratory specimens of 
stainless steel which had been sensitized prior to testing in an 
acidified copper sulfate solutions. The sensitized samples com­
pletely disintegrated after a very short time due to inter­
granular attack by the hydrofluoric-nitric acid pickling 
solution.
Because of its high sensitivity to precipitated carbides, 
the hydrofluoric-nitric acid solution was then used on welded 
samples to determine whether the heat affected zones were 
subject to intergranular corrosion.
Later, several other researchers(9-i2) have employed 
solutions varying in concentration from 10 to 15 percent nitric 
acid and 2 to 4 percent hydrofluoric acid at temperatures 
ranging from 60 0C to boiling. However, at the time of the 
ASTM Symposium on Evaluation Tests for Stainless SteelU3), 
use of a 10 percent nitric-3 percent hydrofluoric acid solution 
at 70 to 80 0C seemed to have become fairly standard practice.
In most cases, specimens subjected to the hydrofluoric- 
nitric acid tests were evaluated by appearance and weight loss. 
Only one researcherO^) used electrical resistance measure­
ments in conjunction with this test. A hydrofluoric-nitric acid 
mixture is more important than any other test solution in the 
evaluation of susceptibility to weld decay (intergranular attack 
on the heat-affected zones of welded stainless steel)05). Despite 
its potential, the HF-HNO3 acid tests has never been used on a 
quantitative basis for evaluation of stainless steel, principally 
because it produces severe general corrosion on annealed 
material. The high general corrosion rates tend to obscure the 
weight losses caused by intergranular attack, and this makes 
quantitative evaluation by weight loss measure-ments 
unsatisfactory.
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2 .2  Evaluation of Stainless Steel Alloys in HF-HNO3-
H2O Solution
A series of tests performed by Bloom and 
Carruthers(i6) using a solution containing a 10% HNO3 - 3% HF 
at 80 °C with exposures of 3 to 4-hours period and fresh acid 
used for each period gave the results as shown in Table 1. It 
may be noted that the corrosion rates were the lowest on those 
steels with the highest nickel content and that niobium 
(columbium) is stabilized the ELC extra low carbon specimens 
with showed no heat-affected zone ( knife-line ) attack.
The General Electric Company, Hanford Works, 
encountered difficulties when hydrofluoric-nitric acid mixtures 
were utilizedO?)- They investigated Types AISI 309L and 
309SCB and, while they found an improvement over AISI 
304L, but they did not fulfill all the desired characteristics 
needed. Therefore, the Allegheny Ludlum Steel Corporation 
undertook an investigation of new or improved alloys which 
might be used in processing equipment, and especially 
equipment handling hydrofluoric-nitric acid mixtures. Their 
investigation included the use of boiling 13 molal(M) HNO3 with 
additions of 0.075M, 0.25M and 0.50 M HF. They found that 
these alloys had much improved general corrosion resistance 
over AISI 310 and all of the other high chromium-nickel alloys. 
They found also, that 0.02% carbon AISI 310 had properties 
and could be processed to plate or sheet and welded without 
cracking.
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T ablel:R esu lts of 
Specimens
Corrosion Tests on 
Using 3 %  HF-10%
Welded
HNO3 Solution(i6)
Base Metal Corrosion Rate Knife-Line










AISI 304 ELC 
(18Cr-8Ni)
351-384 no
AISI 347 ELC 
(18Cr-10Ni-+Cb)
222-227 no




In 1954, Gercke and Lewis08) at Livermore Research 
Laboratory reported on the corrosion of several stainless steels 
in hydrofluoric-nitric acid mixtures. They were looking for a 
suitable dissolved vessel material, to serve in the dissolution of 
zirconium-clad fuel elements, that would have a corrosion rate 
of less than 120 mpy. They investigated AISI 309SCB, 304E1C, 
316ELC, and 347, and Durimet 20. Their results are shown in 
Table 2. They concluded that only AISI 309SC and Durimet 20 
gave good corrosion resistance. Several of the alloys gave poor 
results because of excessive corrosion at the weld. They also 
felt that if the temperatures had been increased to 110 °C 
probably none of the alloys would have been satisfactory.
Bordeaux and Adams surveyed eight metals for use in 
the construction of dishes, columns, evaporators and piping at 
the Idaho Chemical Processing Plant for hydrofluoric-nitric acid 
serviceU9).  Only three of the eight metals tested were 
austenitic stainless steels and none of them were considered 
suitable for the proposed service.
2 .3  D eterm ination of Complex Formed in the
Solution
In recent years the investigation of pickling solutions 
is mainly concerned in the loss of metals, hydrofluoric and 
nitric acids in them. These measurements are straight forward 
but do not provide detail information about the actual chemical
9
Table 2: The Corrosion of Some Stainless Steel











309 30 92 70 - 54 -
309 57 114 139 154 83 197
309SCb 30 92 62 25 37 26
Durimet 20 3 0 92 19 - 1 4 29
Durimet 20 3 0 138 19 - 15 -
Durimet 20 3 1 46 19 29 1 5 27
304ELC 57 114 - 800(a) 1290 -
316ELC 57 1 14 - 590(a) 810 -
347 57 114 270 312 191 190
(a) 309S Cb welds
complexity of the solution. Takahari et al.(20) studied the 
behavior of ferric fluoride ions in the pickling solution of nitric 
acid and hydrofluoric acid. It was found that the type of ferric 
fluoride ions formed depends on the ratio of total fluoride to 
iron in the pickling solution. The precipitates in the pickling 
solution are FeF3 3H2O. The amount of precipitates formed 
increases with the concentrations of total fluoride and ferric 
ions. These observations and the difficulties in characterizing 
the pickle bath behavior, and the operation of them, come from 
the multitude of reactions taking place in mixed-acid pickle 
solutions. A computer model, developed by Sellers(2i) and 
modified by Stephenson et al.,(22) attempts to mimic pickle acid 
behavior. The current research is a study on how parameters 
such as the complexes F-to-Fe mole ratio, equilibrium 
hydrofluoric acid concentration, equilibrium nitric acid 
concentrations, and the HNC>3-to-Fe mole ratio vary in relation 
to changes in the iron level. Also, the experimentally measured 
data are compared with the calculated data.
2 .4  Relevance of the Present Study
A review of the literature on pickling of stainless 
steels showed that the chemical behavior involved in the 
pickling of stainless steels is not fully understood. Further 
research is needed to improve the pickling bath operations. A 
reduction in the annual loss of several thousands tons of critical
minerals such as nickel and chromium, and a reduction in the 
amount of solids and spent acid solutions discarded are 
important considerations. Hence, a study was undertaken to 
quantitatively determine the effect of solution compositions on 
the solubility of iron, chromium and nickel in HF-HNO3-H2O 
solutions. The composition of solutions are simulated to that of 
compositions of the industrial pickling solution baths. Both pure 
metals and AISI 316 and 416 stainless steels are used. The 
composition of solutions and solids are analyzed by AA. SEM 
and X-ray diffraction methods were used to identify the solid 
phases present in the precipitates. Additional research 
considered are:
(1) . solution composition
(2) . bulk alloy dissolution
(3) . mixed acids concentration
(4) . complex compound formed in the solutions,
The four alternatives on the above list are the primary stages 






3 .1  Test Materials
Two types of austenitic stainless steels were used in 
this study: AISI 316 and 416. Their chemical composition 
(weight percent ) is given in Table 3. The pure iron, chromium, 
and nickel (purity > 99.9%) were also used in the present study.
Table 3: The Chemical Composition of AISI 316 and
416 Steels
AISI __________Chemical Compositionfwt %)____________
Type C Mn Si P S Mo Cr Ni Fe
3 1 6 0.08 2.00 1.0 0.0450.03 2-316-18 10-14 balance
41 6 0.15 1.25 1.0 0.0600.06 —12-14 ----  balance
1 3
3 .2  Solution Preparation
3.2.1 Pure solutions
Stock solutions of 71±.l wt pet HNO3 and 49±1 wt pet 
HF certified by ACS specification were used with no further 
additions.
For aqueous solutions, the most commonly used 
measurement of composition of the solution is the molality, m. 
Molality is defined as the number of moles of a solute in one 
kilogram of the solvent, and in the present study, the solvent 
used is water. One of the advantages of using the molality scale 
for concentration is that it is independent of temperature and 
thus, the density of the solution does not need to be known in 
order to determine the composition on a mole basis as would 
be required with the unit of concentration, molarity. The 
molality of a solute i in water is given by 1000 gJ  (M g0) 
where gj and g0 are the number of grams of solute and 
solvent, M is the solute molecule weight and ni is the number 
of gm-moles of solute. For example, the 4 mole nitric - 2 mole 
hydrofluoric acid solution was prepared by mixing 126.8 ml of 
71 per cent nitric acid (by weight, sp. gr.1.42), 138.4 ml of 49 
per cent hydrofluoric acid ( sp. gr. 1.18 ), and 734.8 ml of 
distilled water in a polyethylene carboy container.
3.2.2 Industrial pickling solutions
In stainless steel industrial pickling processes, 
composition and temperature of pickling solutions, varies 
significantly from one industry to another. Chemical analysis
14
le 4 (1) Chemical analysis of industrial pickling solutions
Industry 
Sample #
_____chemical composition wt. pet.
Fe Cr Ni n o 3- F-
1 1.353 0.070 0.300 11.740 1.13
2 8.907 0.627 0.620 10.510 3.12
3 2.667 0.680 0.560 13.690 2.95
4 2.880 0.340 0.780 11.460 3.10
5 4.960 0.786 0.620 13.500 5.08
6 4.710 0.850 0.500 16.000 5.80
7 1.440 0.140 0.260 16.300 1.12
8 3.130 0.440 0.770 12.900 3.44
9 2.710 0.522 0.411 08.250 5.81
10 2.430 0.496 0.291 14.110 4.67
Range 1.35-8.9 0.07-0.85 0.26-0.78 8.25-16.30 1.12-5.91
1 5









1 31.0 0.78 0.038 and
2 . 30.5 0.73 0.041 SEM-EDAX analysis
3. 28.0 1.50 0.057 Phases: FeF3'3H20 
and (FeCr)F3* 3H2O
of 10 samples from the representative companies are shown in 
Table 4. As seen from the table, the composition range for the 
samples analyzed are within the reported composition range of 
laboratory test solutions, (10-40 weight percent HNO3 and 2-16 
weight percent HF). Temperatures of pickling solutions are 
reported to vary from 298-350 K.
3,2,3 Experimental procedure
In this study, pure solution or solid-free solution( HF- 
HNO 3-H2O solution without solid sample) were first made up 
from regent grade HF and HNO3 and high-purity (18 megohm- 
cm) water, which contain nitric and hydrofluoric acids with 
concentration of 1, 2, 4, 6, 8 and 8, 6, 4, 2, 1 molality at 
constant room temperature(298 K), respectively.
A known amount of metal or alloy was added 
respectively to the 500 ml teflon bottles containing pure 
solution. The sample matrix of the solutions used is shown in 
Figure 2. All samples were treated with a minimum 
equilibration period of 7 days before being analyzed. Previous 
solubility study(27) showed that about 3 to 4 days are required 
to reach the complete solid-solution equilibrium.
After equilibration, the solution samples were 
analyzed for Fe, Cr, and Ni using AA. The crystalline phases 
were analyzed using SEM-EDS and X-ray diffraction. A detail 














0.5 + 1 0.5 + 2 0.5 + 4 0.5 + 6 0.5 + 8
1 + 1 1 + 2 1 +4 1+6 1 + 8
2 + 1 2 + 2 2 + 4 2 + 6 2 + 8
4+1 4 + 2 4 + 4 4 + 6 4 + 8
6 + 1 6 + 2 6 + 4 6 + 6 6 + 8
J  8 + 1 8 + 2 8 + 4 8 + 6 8 + 8
* A + B means A molality of HN03 + B molality of HF
Fig. 2 Sample matrix for measurements
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3 .3  Solubility Determinations
3.3.1 Experimental equipment
The equipment used to measure solubility of metallic 
ions of the solutions in this study is PERKIN-ELMER atomic 
absorption spectrometer.
As is known, Atomic-absorption spectroscopy is the 
study of absorption of radiant energy by atoms. As an 
analytical process, it includes the conversion of combined 
elements to atoms, and the absorption of radiant energy by 
those atoms. The conversion of elements from chemical 
compounds to their atomic state involves physics, chemistry, 
and voodoo, the latter playing the most important role; the 
absorption of energy by these atoms, however, involves only 
physics and appears to be a predictable and measurable 
property of the atom. The radiant energy absorbed is in the 
form of very narrow absorption line, generally in the visible 
and ultraviolet spectral regions. During its absorption, outer 
valence electrons are excited. The principle of atomic 
absorption spectroscopy (AA) is illustrated in Figure 3, which 
shows the relationship between atomic-absorption and atomic- 
emission spectroscopy; and Figure 4(a) suggesting the 
atomization process occur when liquid mist ( i.g. NaCl ) is 
introduced to a flame.
Basically, atomic-absorption equipment is similar to 
other spectroscopic instrumentation. There is a radiant-energy 





eiectron moved to higher 
energy level 
ENERGY = E + hv
3 The relationship between atomic-absorption and 
atomic-emission spectroscopy
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essential scheme of an atomic absorption spectrometer are 
diagrammed in Figure 4 (a) Atomization processes resulting 
when liquid mist introduced into a flame, (b) Block diagram of 
an atomic absorption spectrometer. The hollow-cathode lamp 
emits radiation characteristic of the cathode material, usually a 
single element ( anality ). This beam, consisting largely of 
resonance radiation, is electronically or mechanically pulsed. 
Anality atoms are produced thermally in the atom reservoir. 
Ground-state atoms, which predominate under the 
experimental conditions, absorb resonance radiation from the 
lamp, reducing the intensity of the incident beam. The 
monochromator isolates the desired resonance line and allows 
this radiation to fall on the photomultiplier. An electrical signal 
is generated. The electronics of the unit are designed to 
respond selectively to the pulsed radiation emanating from the 
radiation source. Signal processing occurs, which results in 
electronic output proportional to the absorption by the anality 
atoms.
3.3.2 Experimental procedure
The experiments were carried out with three sets of 
samples: pure metal ( Fe, Cr, and Ni ), 416 ss, and 316 ss. All 
















Fig. 4 (a) Atomization processes resulting when liquid
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Fig. 4 (b) Schematic diagram of a single-beam
atomic-acsorption instrument
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3 .4  pH Value Determinations
3.4.1 Experimental equipment
Accumet 950 pH meter is used in the measurements. 
This direct-reading pH meter is available commercially with an 
operational amplifier circuit which is designed to have an
internal resistance of greater than 1012 Q. The readout is a
digital meter with expansion capabilities which provide full 
scale ranges of 0.5 to 2 pH units; a precision of + 0.001 to 0.005 
pH unit can then be realized, depending upon amplifier noise 
level.
3.4.2 Experimental procedure
The same procedure were followed as in the solubility 
measurements.
3 .5  Identification of Complex Precipitates
3.5.1 Experimental equipment
The relative rarity of well-formed crystal sand the 
difficulty of making a precise orientation required by single- 
crystal diffraction methods led to the powder method of X-ray 
infestation. One of the powerful tools developed to exercise this 
techniques is a X-ray powder diffractometer. Basically, a 
diffractometer uses a monochromatic X-ray radiation finely 
powdered sample, and movable counter to record the informa­







Fig. 5 Schematic diagram of x-ray diffraction

When the diffractometer axis is set at zero position, 
the X-ray beam is parallel to the slide and passes directly into 
X-ray detector. The slide mount and the counter are driven by 
a motor through separate gear trains, so that, while the slide 
sample has been properly prepared there will be thousands of 
tiny crystals on the slide in random orientations. Consequently, 
all possible "reflections" from atomic planes take place 
simultaneously. Instead of recording all of them at once, the X- 
ray detector maintains a geometrical relationship obeys the 
Braqq's law: nX = 2dSin0
where, n is the order of reflection
X is the wavelength of the monochromatic X-ray
d is the spacing.
Basically, a diffractometer is designed somewhat like a Debye- 
Scherrer camera, except that a movable counter replaces a strip 
of film. In both instruments, essentially monochromatic 
radiation isused and the X-ray detector (film of counter) is 
placed on a circumference of a circle centered on the powder 
specimen. The essential features of a diffractometer are shown 
in Figure 6. A powder specimen C, in the form of a flat plate, is 
supported on a table H, which can be rotated about an axis O 
perpendicular to the plane of the drawing. The X-ray source is 
S, the line focal spot on the target T of the X-ray tube; S is also 
normal to the plane of the drawing and therefore parallel to 
the diffractometer axis O. X-rays diverge from this source and 
are diffracted by the specimen to form a convergent diffracted
27
beam which comes to a focus at the slit F and the enters the 
counter G. The receiving slits and counter are supported on the 
carriage E, which may be rotated about the axis O and whose 
angular position 20 may be read one graduated scale K. The 
supports E and H are mechanically coupled so that a rotation of 
the counter through 20 degrees is automatically accompanied 
by rotation of the specimen through 0 degrees. The coupling 
ensure that the angles of incidence on, and reflection from, the 
flat specimen will always be equal to one another and equal to 
half the total angle of diffraction, an arrangement necessary to 
preserve focusing conditions. The counter maybe power-driven 
at a constant angular velocity about the diffractometer axis or 
moved by hand to any desired angular position.
3.5.2 Experimental procedure
In the experiment, the principles of powder diffraction 
were applied. All the samples were finely ground to give 
reflections in all possible orientations. These reflections were 
recorded as intensity peaks in a diffractmeter scan. For the 
diffractometer scan, the d spacings were easily obtained by 
using the Siemen's Computer Program. By using a search 
manual, these d-spacings were correlated with the elements in 
the crystalline phases of the solids.
The experimental procedure flow sheet is shown in 
Figure 7. The clear solutions are measured for solubility (by 
AA) and acidity ( by pH meter), and solid formed in the 








One important aim of this study is to determine the 
solubility values of Fe, Cr, Ni and to identify the typical 
variation in the solubility with the ternary solution composition 
and pH value. It is also significant to identify the complex 
precipitates formed in the system HF-HNO3-H2O to the metal 
recovery technology(35).
The experimental data obtained on a) pure solution 
(without metal or alloy sample), b) pure metal solutions ( pure 
metal powders in the solutions ) and c) alloy solutions (AISI 
316 and 416 in the solutions ) are discussed in the following 
sections.
4 .1  Pure Solutions
4.1.1 Concentration of HF and HNCh Acids
The equilibrium concentrations of HF and HNO3 in the 
range of 1 to 8 molality are shown in Figures 8 and 9. From the 
figures , it can be seen that composition of HNO3 increased from 
5 to 33.1 ( weight percent ) and composition of HF increased 
from 1.1 to 13.1 ( weight percent ). This is in good agreement 
with the composition range of industrial pickling solutions.
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Fig. 8 Equilibrium concentrations of HNO3 in HF-HNO3-H2 O solutions
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4.1.2 pH value in solutions
In pure solution, relationship between pH and molality 
of HF, and HNO3 are shown in Figures 10 and 11. As seen in 
Figure 10, pH value decreased from 2.2 to 0.9 as the molality of 
HF increased from 1 to 8. The solution acidity in these solutions 
increases continuously as content of nitric acid increase. 
Figure 11 shows the pH value decreased from 2.48 to 0.85 the 
molality of hydrofluoric acid increased from 1 to 8. A sharp 
decrease in pH is observed with the increase in concentration 
of HF ( Figure 11 ) as compared to increase in concentration of 
HNO3 ( Figure 10 ) in HF-HNO3-H2O solutions.
□ 1 mol HF 
♦ 2molHF 
o 4 mol HF 
o 6 molHF
□ 8 mol HF
Fig. 10 Relationship between concentration of HNO3 and pH in
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4 .2  Pure Metals
4.2.1 Solubility of Fe. Cr and Ni
The solubilities of pure Fe, Cr and Ni were determined 
in the equilibrium acidic solutions of HF-HNO3-H2O. The condi­
tions used are the temperature (298 K) and the solution 
composition in terms of concentrations of HF (1 to 8 molality) 
and HNO3 (2 to 8 molality). The results are shown in Figures 12 
to 14.
The solubility of pure Fe is shown in Figure 12. As 
seen from the figure, at a fixed concentration of HF, the 
solubility of iron increased with increase in concentration of 
HNO3 in the solution. For example, at a fixed concentration of 
HF (2 molality), the solubility of iron increased from 2.01 to 
9.23 weight percent as the concentration of HNO3 in solution 
increased from 0.5 to 4 molality respectively. For HNO3, at low 
concentration (0.5 molality), no significant increase in solubility 
of iron in solution, but at high concentration (such as 4 
molality), the solubility of iron increased from 6.10 to 13.85 
weight percent in the solution, with increase in HF concentra­
tion from 1 to 8 molality, respectively.
The solubility of pure Cr is shown in Figure 13. The 
solubility of chromium increased continuously as the 
concentrations of hydrofluoric acid increase from 1 to 8 
molality, for example, at a fixed concentration of 4 molality of 
H N O 3, the solubility of Cr increased from 0.91 to 2.53 weight
36
percent continuously. However, for a given fixed HF 
concentration, for example, at 8 molality of HF, the solubility of 
Cr increased sharply from 2.64 to 6.75 weight percent as the 
concentration of HNO3 increased from 2 to 8 molality.
The solubility of pure Ni is shown in Figure 14. As 
seen from the figure, at a fixed concentration of 2 molality of 
HF, the solubility of nickel increased from 3.70 to 16.51 weight 
percent as the concentration of HNO3 in solution increased from 
1 to 8 molality respectively. For a given fixed HNO3 
concentration, no significant increase in solubility of nickel in 
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Fig. 12 Solubility of pure Fe in HF-HNO3-H2O solutions
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Fig. 14 Solubility of pure Ni in HF-HNO3-H2O solutions
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4.2.2 pH value in the solutions
The resulting of pH values of the solution dissolving 
metal elements determined in the test can be seen in Figures 
15-17. All of the pH values decreased as the molality of HF 
increase. Compared to that of pure solution (Fig. 11), however, 
the absolute values of pH have a slight increase in the solution 
of iron ( Figure 15 ), and slight decrease in the solution of 
chromium (Figure 16), but have a significant increase in nickel 
solution ( Figure 17).
On the other hand, some chaotic data were also found 
in the Figures 15 to 17.
0.5 mol HNO3
1 mol HN03
2 mol HNO3 
4 mol HNO3
Fig. 15 Relationship between concentration of HF and pH
in the pure Fe solution
2 4 6 8
M ola lity  of HF
□ 2 mol HNO3
o 4 mol HNO3 
n 6 mol HN03 
o 8 mol HN03
Fig. 16 Relationship between concentration of HF and pH
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4.2.3 Complexes formed in the solutions
The X-ray diffraction studies were performed on all 
the samples followed by Figure 2. The samples of complex 
compound formed in HF-HNO3-H2O solution were filtered, dried 
and ground to about -325 mesh and compactly packed in 
holder in the X-ray diffractometer with 35kv and 15mA. 
Summarized in Figures 18-20 are some typical X-ray 
diffraction patterns for metallic compounds of metal powder 
formed in the solution, and the collected data can be seen in 
Tables 5-7.
Formation of metallic fluoride can be confirmed by the 
data of d-spacing from the patterns, and further more, FeOOH, 
FeF3’ 3H20, CrF3’3H 20 and NiF2'4H20 were determined and 
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Fig. 18 X-ray diffraction patterns of ppt from Fe solution(2)
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Fig. 20 X-ray diffraction pattern of ppt from Ni solution
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Table 5: Results of X-ray diffraction analysis of pure iron
Sample d 26_______ I Peak
Expt. std. Expt. std. Identification
pure Fe 7.40 7.3869 11.9 11.981 33
(0.5+1 )* 4.95 4.9483 17.9 17.924 97
2.96 2.9972 29.0 29.810 40
2.67 2.5429 34.9 35.296 47 FeO OH
pure Fe 5.51 5.5297 16.0 16.088 100
( 2+8 ) 3.91 3.9200 22.4 22.684 41
3.46 3.4563 25.6 25.772 20
1.88 1.8774 48.5 48.490 21 FeF3-3H20
5 0
Table 6: Results of X-ray diffraction analysis of pure chromium
Sample d 29 I Peak
Expt. std. Expt. std. Identification
pure Cr 4.70 4.7315 18.4 18.775 100
( 8+8 ) 4.10 4.1328 21.8 21.562 18
2.58 2.6033 34.4 34.450 20
2.05 2.0292 44.4 44.657 25 CrF3-3H20
Table 7: Results of X-ray diffraction analysis of pure nickel




pure Ni 2.67 2.7256 33.4 32.860 23
( 8+8) 2.31 2.3565 38.1 38.191 5
2.03 2.0366 44.2 44.556 100
2.16 2.1478 45.1 45.429 17 NiF2'4 H20
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4 .3  Alloy System
4.3.1 Solubility of alloy: AISI 316 and 416 ss
Solubility data of AISI 316 and 416 ss are shown in 
Figures 21 to 25.
Dissolution of 316 ss shows that when the 
concentration of hydrofluoric acid changed from 1 to 8 
molality, the solubility of iron increased from 0.5 to 3.7 weight 
percent ( Figure 21 ), the solubility of chromium increased 
from 0.07 to 1.31 weight percent ( Figure 22 ), and the 
solubility of nickel increased from 0.04 to 0.64 weight percent ( 
Figure 23 ).
Dissolution of 416 ss with the same concentration of 
hydrofluoric acid above, however, shows that the solubility of 
iron increased sharply from 2 to 12.3 weight percent ( Figure 
24 ), and the solubility of chromium increased sharply from 0.4 
to 2.2 weight percent ( Figure 25 ).
The results showed that the corrosion resistance of 
316 ss is better than that of 416 ss. This observation suggested 
that the composition and structure have a obviously effect on 
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Fig. 22 Solubility of 316 for Cr in HF-HNO3-H2O solutions
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4.3.2 pH values of stainless steel solutions
The relationship between pH and HF in the solution 
with AISI 316 and 416 ss can be seen in Figures 26 and 27. 
The pH value of the solutions decreased continuously as the 
concentra-tions of HF increased. Unlike the observations in the 
pure metal solutions, the absolute pH values of this alloy 
solutions did not change much. However, the pH change in 316 
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Fig. 26 Relationship between concentration of HF and pH 
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4.3.3 Complexes formed in the solutions
X-ray diffraction was also used for determining com­
pounds formed in HF-HNO3-H2O solution.
Table 8 and Figures 29(1) to 29(2) show the X-ray 
diffraction patterns of 416 ss and the relative peak intensities 
of compound formed in the solution. From Table 8, it can been 
seen that the formed compound is a function of the relative 
intensity iron fluoride peak. Compared with the standard 
patterns, these results supports that precipitant are present as 
FeF2*4H20 at low pH value range.
The same results were observed by X-ray diffraction 
analysis in 316 ss solution [ Table 9 and Figures 28(1) to 28(2) 
]. However, it suggests that the precipitants are present as FeF3- 
3H2O at high pH value range, and as ( Fe, Cr )F3*3H20 at low pH 
value range.
X-ray phase identification are summarized in Table 10. 
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Fig. 29 X-ray patterns of ppt from 416 solution(2)
Table 8: Results of X-ray diffraction analysis of 416 ss
Sample d ______2& I Peak
Expt. std. Expt. std. Identification
416 4.73 4.7315 18.6 18.755 100
(1+4) 4.15 4.1328 21.6 21.562 1 8
2.61 2.6033 34.2 34.450 20
1.89 1.8866 48.2 48.237 7 FeF2'4H20
416 5.53 5.5297 16.0 16.098 100
(8+8) 3.91 3.9200 22.4 22.684 41
3.46 3.4569 25.7 25.772 20
• 2.76 2.7759 32.2 32.248 1 9 FeF3-3H20
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Table 9: Results of X-ray diffraction analysis of 316 ss
Sample d 26 I Peak
Expt. std. Expt. std. Identification
316 5.52 5.5297 16.1 16.088 100
(3+8) 3.92 3.9200 22.4 22.684 41
3.46 3.4563 25.7 25.772 20
2.76 2.7759 32.2 32.248 19 FeF3-3H20
316 5.52 5.5297 16.1 16.088 100
(6+8) 3.92 3.9200 22.4 22.684 41
3.46 3.4563 25.7 25.772 20
2.76 2.7759 32.2 32.248 19 FeF3'3H20
4.70 4.7315 18.6 18.775 100
4.10 4.1328 21.8 21.562 1 8
2.60 2.6033 34.4 34.45o 20
1.88 1.8866 47.0 47.237 7 CrF3’3H20
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Table 10: Summary of X-ray phase identification
Sample: Total pH phase
identification
pure Fe 3.2<pH FeO(OH)
l.l<pH<3.2 FeF3-3H20
pure Cr 1.2<pH<1.9 CrF3-3H20








4 .4  Thermodynamic Characteristics of the System
h f -h n o 3-h 2o
The vapor pressures of the components of the binary 
system HF-H2O and the ternary system HF-HNO3-H2O were 
measured by transpiration technique. The data of Tables 16 
and 17(31) ( Appendix D ) measured at 298 K, showed that the 
addition of nitric acid to an aqueous solution of hydrofluoric 
acid substantially increases the vapor pressure of the latter.
Also, these data can be used to calculate the activities 
and activity coefficients of the components in the ternary 
system with the assumption of ideal. The calculated data are 
listed in Table 18(32) ( Appendix D ). From the presented 
results, the activity coefficient of hydrofluoric acid Yhf does not 
differ at all appreciably from 1 all the way up to a 
concentration of 5.5 M. This means that in a mixed solvent 
HNO3 - H2O, hydrofluoric acid forms an ideal solution. In this 
solution, HF molecules behave as though there were no 
interaction among them.
When metals are dissolved, however, the system HF- 
H N O 3-H2O become much more complicated because that the 
species in aqueous solution need to be considered in two types 
of equation sets: (1) a set of mass action equations, ( see Table 
11), (2) a set of mass balance and charge balance equations see 
(Table 12). In order to calculate the concentrations of species in 
this complex case, we have to make use of the interesting 
conclusion above and fix HNO3 at 4 molality.
Table 11: Mass Action Equations
In the ternary system, the fluoride complex are:
HF -  H+ + F- K i = 5 . 0 9 * l ( M ( 1 )
HF + F- -  HF2- K 2= 2 .3 4 ( 2 )
Fe3+ + F- — FeF2+ K 3= 1 3 3 8 7 3 .3 ( 3 )
FeF2+ + F- — FeF2+ K 4= 7 7 2 0 .1 3 ( 4 )
FeF2+ + F- — FeF3(aq) K 5= 7 7 2 .8 2 ( 5 )
Cr3+ + F- — CrF2+ K 6= 2 6 .0 ( 6 )
CrF2+ + F- — CrF2+ K 7= 2 .5 4 ( 7 )
CrF2+ + F- -  CrF3(aq) K 8=0.35 ( 8 )
Ni2+ + F- -  NiF+ K 9= l  .0 ( 9 )
NiF+ + F- — N iF2(aq) K 10=O.1153 ( 1 0 )
he Nitrate Complexes are
HN03 -  H+ + N03- K n = 2 3 . 4 5 ( I D
Fe3+ + N03— FeN032+ K i2 = 9 .9 5 ( 1 2 )
I! f!i 1
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Table 12 Mass and Charge Balance Equations
Fe(III) balance
Fe(III) = [Fe3+] + [FeF2+] + [FeF2+] + [FeF3] + [FeN032+] 
Cr(III) balance
Cr(III) = [Cr3+] + [CrF2+] + [CrF2+] + [CrF3]
N i (II) balance
Ni(II) = [Ni2+] + [NiF+] + [NiF2]
F balance
F = [F-] + [HF] + 2[HF2] + [FeF2+] + 2[FeF2+] + 3[FeF3] + 
[CrF2+] +2[CrF2+] + 3[CrF3] + [NiF+] + 2[NiF2]
N0 3 balance
N03 = [N03-] + [HN03] + [FeN03+2]
Charge balance
[H+] + 3[Fe3+] + 2[FeF2+] + [FeF2+] + 2[FeN032+] + 3[Cr3+] + 
+ 2[CrF2+] + [CrF2+] + 2[Ni2+] + [NiF+]
= [F-] + [HFr] + [N03-] + [OH-]
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As we know, the initial increase in the solubility of Fe, Cr, 
Ni with increasing concentration of hydrofluoric acid shown in 
Figures 12 to 14 is expected from the corrosion effect because 
of the increase in oxidation with increasing concentrations of 
both hydrofluoric and nitric acids. However, subsequently 
small decrease in the solubility of metallic cation needs some 
explanation. Similar behavior was observed in the mixed-acid 
solution of annealed stainless steel which was attributed to the 
increase in the precipitation of complex species of metallic 
hydrofluoride at higher ionic strength of metallic c a t io n ( 2 4 ) .  in 
order to confirm this assumption, it is necessary to calculate 
the equilibrium concentrations of all the major species in the 
mixed-acid solution of hydrofluoride and nitride. Thermody­
namic data for these complex species are located in Appendix C. 
The species considered are totally aqueous fluoride complexes.
In this study, Pitzer's equations(25-26) for estimating 
activity coefficients in mixed electrolytes were used along with 
the interaction parameters for complex species of fluoride 
reported by Fernando(27) and Wilson et al(28) to model the 
metallic solubility in mixed-acid solution of HF and HNO3.
The material and charge balance equations were 
established (see Table 12) and solved by the special procedure 
to yield the equilibrium concentrations of the species in equa- 
tions(18) to (19). The calculations of equilibrium concentrations 
of Fe,Cr, and Ni in terms of solubility are plotted against the 
total concentration of HF ( HNO3 fixed by 4 mol ) in Figures 30
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Table 13: Calculated and Measured Solubility of Fe at 298 K
Spe­
cies pH Fe+3 FeF2+ FeF2+ FeF3 FeN03
Fe r wt% 
Cal. Expt.
316 1.72 0.0024 0.2570 1.5870 0.9800 0.09 2.92 2.35
316 1.50 0.0026 0.2902 1.9041 1.2508 0.08 3.53 3.30
316 1.45 0.0020 0.2677 2.0670 1.5974 0.05 3.98 3.50
316 1.31 0.0014 0.2107 1.7883 1.5202 0.02 3.54 2.75
416 2.51 0.0035 0.4686 3.6173 2.7955 0.31 6.99 6.75
416 1.32 0.0033 0.4859 4.1268 3.5082 0.30 8.42 9.60
416 0.95 0.0035 0.5310 4.7155 4.1909 0.26 9.70 9.70
416 0.90 0.0029 0.4426 3.9296 3.4900 0.26 8.13 8.90
iron 2.85 0.0026 0.4525 4.5413 4.5624 0.25 9.81 9.20
iron 2.55 0.0027 0.4879 5.0850 5.3052 0.24 11.12 11.20
iron 1.60 0.0030 0.6024 6.9764 8.0873 0.19 15.86 13.30
iron 1.20 0.0023 0.4800 5.7730 6.9154 0.11 13.28 13.60
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Table 17: Calculated and Measured Solubility of Cr at 
298 K
Spe- Cr ( wt% )
cies pH Cr+3 CrF+2 CrF2+ CrF3 Cal. Expt.
316 1.72 0.5600 0.0116
3 1 6 1.50 0.9350 0.0270
316 1.45 1.1000 0.0286
3 1 6 1.31 1.0450 0.0299
416 2.51 0.8500 0.0221
416 1.32 1.2100 0.0346
416 0.95 2.1850 0.0653
416 0.90 2.1240 0.0650
Cr 1.73 0.6000 0.3120
Cr 1.72 0.7500 0.5850
Cr 1.38 1.1600 1.2064
Cr 1.30 1.1200 1.1648
<0.0001 <0.0001 0.57 0.60
<0.0001 <0.0001 0.96 0.95
<0.0001 <0.0001 1.13 1.14
<0.0001 <0.0001 1.08 1.20
<0.0001 <0.0001 0.87 0.90
<0.0001 <0.0001 1.24 1.24
<0.0001 <0.0001 2.25 2.22
0.0002 0.0002 2.19 2.09
0.0158 0.0001 0.93 0.91
0.0046 0.0005 1.38 1.30
0.1226 0.0017 2.49 2.40
0.1183 0.0017 2.40 2.52
Table 18: Calculated and Measured Solubility of Ni at 
298 K
Spe­
cies pH Ni2+ NiF+ NiF2
Ni ( wt% 
Cal. Expt.
316 1.72 0.2400 <0.0001 <0.0001 0.24 0.25
316 1.50 0.3400 <0.0001 <0.0001 0.34 0.33
316 1.45 0.5000 <0.0001 <0.0001 0.50 0.51
316 1.31 0.5500 <0.0000 <0.0001 0.55 0.55
Ni 5.40 10.0000 0.0001 0.0005 10.0010.00
Ni 5.35 11.0000 0.0001 0.0006 11.0011.00
Ni 3.80 10.8000 0.0001 0.0007 10.8011.00
Ni 3.65 10.4000 0.0001 0.0008 10.4010.60
- o Cal. pure iron
♦ Expt. pure iron
* Cal. 416 ss 
x Expt. 416 ss 
+  Cal. 316 ss 
■ Expt. 316 ss
I ■ I_________ I— _ J ---------------1----------------1--------------->-------------------
—i----------1----------1----------1 i i 1 i
2 4 6 8 1 8
M olality  o f HF
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Expt. pure Cr 
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Fig. 31 plot of calculated solubility of Cr
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CD
Fig. 32 plot of calculated solubility of Ni
+  Cal. pure Ni 
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a  Cal. 316 ss 
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to 32 and the data for the main species distributed in the 
solution can be seen in Table 13-15, (detail calculation are given 
in Appendix A). Accordingly, the solubility of iron, chromium 
and nickel increases with the concentration of hydrofluoric acid 
at low acidity and decrease at higher acidity. The subsequent 
decrease in the solubility with the concentration of hydrofluoric 
acid is due to the fluoride ion which combines with metallic ion 
to form hydrofluoride compound by oxidation.
With regard to the concentration of nitric acid, Figures 12 to 
14 and 21 to 25 show that the solubility of iron, chromium and 
nickel increases with the concentration of nitric acid as would be 
expected from the oxide effect.
Up to now the thermodynamic characteristics have been 
discussed in term of solubility of iron, chromium and nickel as a 
function of mixed-acid of hydrofluoric and nitric concentrations 
and pH values by keeping two of the three variables constant. 
For example, the iron solubility ( both metal powder and alloy 
sample ) is a function of the concentration of hydrofluoric acid at 
constant concentration of nitric acid and constant temperature. 
When two of the variables are changed simultaneously, The 
solubilities can be illustrated by three-dimensional models. The 
solubility spices of iron, chromium and nickel generated by 
varying both concentrations of hydrofluoric acid and nitric acid 
at constant temperature of 298 K are shown schematically in 
Figures 33 to 40.
At low concentrations of hydrofluoric and nitric acids a 


















Fig. 36 schematic diagram for Fe solubility of 3160 ss









Fig. 35 schematic diagram for pure Ni solubility
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Fig. 38 schematic diagram for Ni solubility of 316#
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with a maximum solubility at around 13.5 Fe wt % is obtained. 
This shows that changes in the concentration of HF and/or 
concentration of HNO3 have significant effect on the solubility of 
iron, particularly at higher concentration (e.g. 4 mol HNO3).
4 .5  Effect of pH on solubility
The concentration of hydrogen ions in an aqueous 
solution determines the acidity of the solution(29) and , 
conventionally, this acidity is quantified by the following 
equation:
pH = - log [H+]
[H+] is concentration of hydrogen ions ( assuming that the 
activity coefficient is unity ). As can be seen in the figures, pH 
value decrease as the increase of concentration of HF, which 
means that the concentration of hydrogen ion increased in the 
solution.
In the reacted solution, however, at HNO3 = 4 mol, the 
concentration of hydrogen ions decreased sharply as the 
concentration of HF increased, esspecially at about HF: 4 mol. 
Meanwhile, an interesting finding is that the concentration of 
[H+] in aqueous HNO3 increases a little bit. This can be explained 
that the HF was consumed in the reacted solution. The detail can 
be expressed below:
HF -  H+ + F-
At equilibrium condition ( 298 K ), it is clear that increasing [H+]
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will result in [F-] decrease. That is, the reaction
M+n + nF- -- Mn+Fn-
will exist in the solution system. Addition of hydrofluoric acid to 
this system increases the concentration of F-; the resulting 
increases in nF- shift the second equilibrium to the right and
cause the formation of additional precipitate.
Another effect of pH on metal solubility can be clearly 
seen by the relationship between potential and pH in the system. 
According to the thermodynamic data (see Appendix C) in Fe-HF-
H2O system, the Eh-pH diagram was drawn in Figure 41 which
shows that ( 1 ) iron fluoride will be formed if acidic
concentration of acid in the solution increases, ( 2 ) different
complexes of fluoride will form at different oxidation levels.
The construction of the Eh-pH diagram for Fe-HF-H20 
system provides a clear understanding about the pH effect on
the precipitation of the metal from the pickling solution, for
example, a pH above 2.4 is necessary to achieve the precipita­
tion of iron from the solution, ( meanwhile, the solubility of iron 
start to reduce to low region ). The existence of the three
oxidation states of iron provides alternatives for the possible 
precipitation of metal compounds.
4 .6 Effect of Cation Composition on Solubility
It has been known that some substances added to the 
corrosive media in comparatively small amounts can
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substantially reduce the corrosion rate under certain conditions. 
Such substances are generally known as corrosion inhibitors and 
usually classified as either anodic or cathodic inhibitors. The 
former primarily inhibit the anodic reaction and passive of 
metals in solution, while the latter suppress the corrosion rate 
by impeding the cathodic reaction or by reducing the cathodic 
area.
Chromium and nickel ions are well known corrosion 
inhibitors and are strong oxidants ( or, anode inhibitors ). In 316 
solution, iron is oxidized to Fe3+ while the chromium and nickel 
ions themselves are reduced to chromic oxide and precipitated 
on the iron surface. As result, a complex oxide film consisting of 
F e3C>4, Fe20 3, and Cr20 3, Ni2C>3 is formed on the surface and 
protects the iron corrosion which results in decrease the 
solubility.
Corrosion inhibition by the addition of chromed ions 
can be predicted from the potential-pH diagrams. This can be 
done by superimposing the stability areas of Cr2C>3 and Ni203 on 
the top of the stability diagram of iron at 25 °C (Figure 42). As 
shown in the figure, a relatively large area in the acidic corrosion 
region of iron is covered by the Cr2C>3 and Ni20 3 stability area. 
Consequently, iron in the covered area of the corrosion region 
will be protected by Cr203 and N12O3 on the surface.
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Pickling solution used in production of stainless steel 
causes both environmental pollution and loss of metals. This 
research made some significant progress in investigation of 
possibility of resolving the environmental problem due to the 
generation of large quantities of solid waste and recovery of 
critical metals, such as chromium and nickel, from pickling 
solution.
To solve the problems, we must know the chemical 
behavior of pure metals and alloys in HF-HNO3 .H2 O solution and 
to identify compounds which are mostly formed in the solution 
by corrosion. For this reason, determination of solubility of 
metal/alloy in different concentration of mixed-acids, determina­
tion of pH, and analysis by X-ray diffraction to identify the com­
pounds formed in the solution were performed in this study.
The conclusions in this study are as follows:
1. The solubilities of metal and alloy increased with an 
increase in concentration of HNO3 and also with an increase in 
concentration of HF in the concentration range of 1 to 8 molality 
of HNO3 and HF acids, respectively.
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2. The order of corrosion resistance is: 
pure metal < 416 < 316
which can be explained by the differences of chemical composi­
tion and micro-structure.
3. X-ray diffraction and SEM analysis showed that the 
stable crystalline phases in the industrial stainless steel sludges 
are FeF3*3H20 and (FeCr)F3* 3H2O. The stable solid phase formed 
in the laboratory samples are mainly metallic fluorides, they are: 
FeF3*3H20, CrF3*3H20 and NiF2*4H20 in the case of pure metals 
respectively, and FeF3* 3H2O is the major corrosion product in the 
solutions.
4. The excellent agreement between the experimen­
tally determined and calculated data ( at fixed 4 molality of 
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Appendix A
Calculation of Complex Species in the Solution
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1. Free energy and equilibrium constant
In general, the equilibrium concentration in term of 
the solubility of samples in equilibrium with an aqueous 
solution with appropriated ions can be considered by the
chemical reaction equation:
AB (aq.) -  A+ +B- (13)
The free energy expression for the chemical equation is given as: 
AGOf = ( G0f(A + GOf,s ) - GOf.AB ) (14)
and, the equilibrium constant can be expressed by
K = [ A+ ] [ B- ]/ [ AB ] (aq.) (15)
To the standard reaction isotherm, the free energy
AGOf = -RT In K (16)
can be applied and expanded at temperature T = 298 K and gas 
constant R = 1.987 cal/mol to get the relation equation:
K = exp ( - AGfO/ RT ) = [A+] [B-] / [AB](aq) (17)
If the free energy of formation of all complex species
are known, it is possible to mass balance the system at various 
pH of activity value and to calculate the equilibrium 
concentration of the specie.
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2. Concentration of hydrogen ion and activity coefficient
The concentration of hydrogen ions in an aqueous 
solution determines the acidity of the solution and, 
conventionally, this acidity can be quantified by the definition of 
pH(34) with a assumption of activity coefficient unity, where 
pH = - log [H+]
and [H+] is the molality of the hydrogen ions, i.e., the number of 
moles of H+ per leter of solution.
According to the discussion in Chapter 4, we made an 
assumption here that the activity coefficient of each chemical 
species participating in the equilibria equations is equal to one.
3. Calculation of equilibrium constant
The free energy expression for the reaction 
HF -  H++ F+ ( 1 )
is given as ( appendix C )
AG°f = [ 0 + ( -66.64 ) ] - ( -70.95 ) = 4.31 kcal / mol
The equilibrium constant Ki was calculated using the following
expression:
K = exp (- AGOf / RT )
K i=  exp (-4310/1.987*298 ) = 6.99*10-4
Again, the free energy for the reaction
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HF + F- “ HF2- ( 2 )
is given as ( Appendix C )
AGOf = -138.18 - [ -70.95 + ( -66.64 ) ] =-0.59 Kcal / 
mol Therefore, K2 = exp ( + 590 / 1.987*298 ) = 2.70
and with the numerical technique, we can get average value of 
reaction constant as below,
For iron ( Fe ): [ chemical equation (1) to (5) and (11) to (12) ]
Ki = 5.09 * 10-4 = [H+][F-] / [HF](aq) ( 18 )
K2 = 2.34 = [HF2-] / [HF](aq.) [F-] ( 19 )
K 3 = 133873.3 = [FeF2+] / [Fe3+] [F-] ( 20 )
K4 = 7720.13 = [FeF2+] / [Fe3+] [F-] ( 21 )
K5 = 772.82 = [FeF3](aq.) / [FeF2+] [F-] ( 22 )
Kn = 23.45 = [H+] [NOr ] / [HN03](aq.) ( 28 )
K12 = 9.95 = [FeN032+] / [Fe3+] [N03-] ( 29 )
For chromium ( Cr ): [chemical equation (6) to (8)]
K6 = 26.0 = [CrF2+] / [Cr3+] [F-] ( 23 )
k7 = 2.54 = [CrF+] / [CrF2*] [F-] ( 24 )
K8 = 0.35 = [CrF3] / [CrF2+] [F-] ( 25 )
For nickel ( Ni ): [chemical equation (9) to (10)]
K9 = 1.0 = [NiF+] / [Ni2+] [F-] ( 26 )
Kio = 0.1153 = [NiF2] / [NiF+] [F-] ( 27 )
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4. Calculation of concentrations of hydrofluoric and nitric ions
Now, according to the chemical reaction equation ( 1 ) 
and (11) and constant equation ( 18 ) and (22), using the 
method of atomic adsorption spectrometer to get the 
consumption of hydrofluoric and nitric acids in the chemical 
reaction, we can calculate the concentration of hydrofluoric and 
nitric ions.
i.e.[F-] =Ki [HF](aq.) / [H+] = 5.09 * 10-4 * 0.0299/ 0.019 =0.0008 
[N0 3-] = Kn [HN03](aq.) / [H+] = 23.45 * 0.0031 / 0.019 = 3.77
5. Calculation of complex species
The equilibrium concentration of complex species in 
the aqueous solution can be calculated by equation (20) to (29) 
and metal consumption consumed in the corrosion reactions, 
i.e. [FeF2+] = K3 [Fe3+] [F-] = 133873.3 * 0.0024 * 0.0008 =0.2570 
The calculated results of the complex species can been seen
at Tables 13-15.
Appendix B
Calculation of potential-pH about solutions
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Next equations are included in the calculations:
AGO = -RT In K ( 16 )
AGO = -nFEO ( 28 )
E = EO + RT/nF In K ( 29 ) 
where, AG is free energy
R is gas constant of 1.987 cal/mol, or 4.184 
J/mol/degree
T is constant temperature of 298 k 
EO is standard potential
n is number of electrons involved in a redox 
reaction
F is Fradi constant of 96487
1. Equilibrium between HF and F-
H F -H +  + F- (1)
AGiO= -66.64 + 0 - (-70.95) = 4.31 Kcal/mol 
AGiO = -RT In K = - RT In [H+] [F-]/[HF]
4310 = - (1.987)*(298)*(2.303) log ([F-]/[HF]) [H+] 
log [F-]/[HF] = - 3.16 + pH
Thus [F-] = [HF] at pH = 3.16 which is drawn as line (1) in Fig. 41. 
In acidic solution pH > 3.16, [F-] > [HF] and in acidic solution with 
pH <3.16, [HF] > [F-].
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2. Equilibrium between Fe3+ and FeOH2+
Fe3+ + H20 -  FeOH2+ + H+ (30)
AG20= 13858.94 = -RT In {[FeOH2+][H+]/[Fe3+] aH2o)
If amo = 1.0
-2.43 = Log[FeOH2+]/[Fe3+] -pH 
log [FeOH2+]/[Fe3+] = -2.43 + pH
Thus [FeOH2+] = [Fe3+] at pH = 2.43 which is drawn as line (2) in 
Fig. 41. In acidic solution woth pH < 2.43, [Fe3+] > [FeOH2+] and 
with pH > 2.34, [FeOH2+] > [Fe3+].
3. Equilibrium between Fe3+ and FeF2+
Fe3++ HF = FeF2++ H++ e (31)
AG3o = (-69.36) - [-1.1 + (-70.95)] = 2.69 Kcal/mol 
AG3o = -RT In [FeF2+][H+]/[Fe3+][HF]
2690 = - 1363.67 ( log [FeF2+]/[Fe3+] - pH ) 
log [FeF2+]/[Fe3+] = -1.97 +pH 
Combining equ. (28) with (29), we have that 
E = E0 + RT/nF In {[FeF2+]/[Fe3+]} {[H+]/aHF]
E = 2690*4.184/1*96487 + ( Log [FeF2+]/[Fe3+] - pH )
E = 0.1166 - 0.059 pH ( when [FeF2+] = [Fe3+] ), thus, the line 
is drawn in (3) in Fig. 41.
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4. Equilibrium between FeF2+ and FeF2+
FeF2+ + HF — FeF2+ + H+
AG4o = -11.07 Kcal/mol 
E0 = -AG40/nF
E = EO + RT/nF In {[FeF2+]/[FeF2+]} {[H+]/aHF}
E = + 0.4797 - 0.059pH,
thus the line 4 is drawn by this equation.
5. Equilibrium between FeF2+ and FeF3
FeF2+ + HF = FeF3 + H+ ( 33 )
AG5o = + 55.933 Kcal/mol
55933 = -(1-987 )*(298)*(2.303) log [FeF3]/[FeF2+] + 0.059pH 












F- -66.64 ( 30 )
HF -70.95 ( 30 )
HFr -138.18 ( 30 )
Fe+2 -18.15 ( 30 )
Fe+3 - 1.1 (30)
FeF2+ -151.383 ( 30 )
FeF3 -166.4 ( 30 )
Cr3+ 26.61 ( 33 )
CrF2+ -152.0 ( 33 )
CrF3 -231.0 ( 33 )
Ni+2 -10.9 ( 30 )
NiF2 -142.9 ( 33 )
n o 3- -26.61 ( 3 0 )
hno3 -26.61 ( 3 4 )
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Appendix D
Collect Data in the Systems
Table 16 Liquid-Vapor Equilibrium in the System HF-H2CH30)
HF d25 Pressure ( in mm Hg )
( in M ) HF H20
- 1.00 - 23.76
0.5 1.002 0.020 23.50
0.8 1.005 0.033 23.32
2.85 1.020 0.125 22.31
3.71 1.025 0.165 21.92
4.0 1.030 0.172 21.78
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T a b le l7  Values of the Activity Coefficients of 
Hydrofluoric Acid in water in the System 
HF-H20  at 298 K(3D
Composition of solution
N h f t o h f N h f N h 20 3HF fHF SHF T h f 3H20 Y H20
1 — 1 1
0 .5 0 .5 0 .0 0 9 0.991 0 .5 1 1 .0 2 0 .0 0 9 1.00 0.985 0.997
0 .8 0 .8 1 0 .015 0.985 0 .8 4 1 .0 4 0.015 1.04 0.981 0 .996
2 .8 5 2 .9 6 0.051 0 .949 3 .2 0 1 .0 8 0.057 1.13 0.939 0 .989
3 .7 1 3 .9 0 0 .066 0 .934 4 .2 2 1 .08 0.076 1.14 0.922 0.987
4 .0 0 4 .2 1 0 .070 0 .930 4 .5 6 1.11 0 .080 1.15 0.916 0.985
4 .8 0 5 .1 1 0 .082 0 .918 5 .7 6 1 .13 0.100 1.23 0.904 0 .984
Table 18 Values of the Activity Coefficients of 
Hydrofluoric Acid in Water in the System 
HF-HNO3-H2O at 298 K(3D
HF HNO3 N h f  N h 2 0  3 h f  a n 2 0  YH20 Y h f
(M) (M)
0 4.0 0 0 .925 0 0.773 0.836
0.25 4.0 0.005 0.921 0 .012 0.770 0.836 1.0
0.46 4.0 0.009 0 .916 0 .022 0.766 0.836 0.99
1.1 4.0 0.020 0 .904 0.053 0.760 0.840 1.0
2.1 4.0 0.039 0 .885 0.099 0.746 0.840 0.99
3.1 4.0 0.058 0.868 0.147 0.727 0.838 0.99
4.0 4.0 0.074 0 .857 0 .192 0.704 0.827 0.99
5.5 4.0 0.102 0 .824 0.263 0.679 0.825 0.99
